Abstract The NO 2 oxidation kinetics and burning mode for diesel particulate from light-duty and medium-duty engines fueled with either ultra low sulfur diesel or soy methyl ester biodiesel blends have been investigated and are shown to be significantly different from oxidation by O 2 . Oxidation kinetics were measured using a flow-through packed bed microreactor for temperature programmed reactions and isothermal differential pulsed oxidation reactions. The burning mode was evaluated using the same reactor system for flowing BET specific surface area measurements and HR-TEM with fringe analysis to evaluate the nanostructure of the nascent and partially oxidized particulates. The low activation energy measured, specific surface area progression with extent of oxidation, HR-TEM images and difference plots of fringe length and tortuosity paint a consistent picture of higher reactivity for NO 2 , which reacts indiscriminately immediately upon contact with the surface, leading to the Zone I or shrinking core type oxidation. In comparison, O 2 oxidation is shown to have relatively lower reactivity, preferentially attacking highly curved lamella, which are more reactive due to bond strain, and short lamella, which have a higher proportion of more reactive edge sites. This preferential oxidation leads to Zone II type oxidation, where solid phase diffusion of oxygen via pores contributes significantly to slowing the overall oxidation rate, by comparison.
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Introduction
Air pollution from automotive exhaust remains a significant global concern. Internal combustion engines continue to dominate the transportation of people and freight, but their usage leads to pollution-causing exhaust emissions including noxious gases, CO and CO 2 , unburnt hydrocarbons and particulate, or ''soot''. In addition to their role in global climate change, particulate emissions have faced specific scrutiny as a human health concern since a recent World Health Organization (WHO) study [1] identified particulates from diesel exhaust to be carcinogenic [2] . Though soot emissions have been regulated for more than a decade in the United States, Europe and Japan, they remain a topic of interest for the impact that filtration has on fuel economy. The abatement of particulates through the use of diesel particulate filters (DPFs) [3, 4] has led to an overall decrease in the fuel efficiency of diesel engines, due the increasing pressure drop across the filter caused by the collection of particulates in the filter. Periodic regeneration is necessary to reduce that pressure. Significant progress has been made towards overcoming the fuel penalty associated with DPFs, but as emissions regulations become increasingly stringent, new attention has been paid to species such as CO 2 , which is directly linked to fuel economy, keeping the impact of emissions control devices on fuel economy an active topic of research. Reducing the need for fuel-intensive active regeneration of DPFs is of strong interest. Passive regeneration strategies, such as oxidation by NO 2 can be used to reduce the fuel penalty. Another factor impacting fuel economy and particulate emissions is the changing fuel supply. Interest in reducing petroleum consumption and sustainable fuels brought biologically derived fuels or biofuels to the market. Neat biodiesel (B100) can be produced from vegetable oils such as corn, palm, rapeseed and soy [5, 6] . Currently, in the United States, soy-based biodiesel is most common and up to 5 % by volume of biodiesel can be sold at the pump. Fuel type has been shown to have an impact on the amount, type and composition of particulate emissions from diesel engines and in turn, on their oxidation properties [7] .
Diesel soot arises from the hydrocarbon-rich combustions zones in the cylinder [8, 9] . The micron and submicron aerosols result from unburned and partially burned fuel hydrocarbons and lube oil residues and are typically comprised of a non-volatile fixed carbon upon which exhaust hydrocarbons are adsorbed and condensed. It has been well-documented that the relative amounts of the fixed and mobile fractions, including the hydrocarbon composition, are functions of the engine type, oil, fuel type and operating speed-load point [10] .
A large amount of data exists on solid carbon oxidation [11] [12] [13] [14] [15] , and the specific behavior of diesel particulate formation and oxidation has been studied [7, [16] [17] [18] [19] [20] [21] [22] [23] ], yet remains an active area of research. One important generalization about global oxidation rate that has arisen from previous studies is the three-zone model for carbon particle burnout [24] [25] [26] [27] , which takes into account the concurrent processes of boundary layer oxygen diffusion, intraparticle oxygen diffusion, and surface adsorption and chemical reaction. Work by investigators such as Essenhigh, Walker, and Smith [14, 24, [28] [29] [30] has firmly established the existence of three distinct regimes in which chemical reaction or one of the diffusion processes limits the overall reaction rate. This theory has been widely accepted and used to interpret data in the coal and char literature for over 30 years. Establishing a generic physical model for diesel particulate oxidation is particularly challenging due to the variation in nanostructure found in soot [18] . Nanostructure is known to impact the processes involved in carbon oxidation; diffusion from the gas phase, surface migration, adsorption and desorption [31] . Reported oxidation kinetic parameters, including activation energy values, vary widely for diesel oxidation by oxygen [32] . Activation energies for non-catalyzed oxidation range from 36 kJ/mol [32] to 170 kJ/mol. Reaction orders in oxygen have been reported in the range of 0.5 [32] to 1.0 [33] . More detailed approaches for modeling carbon oxidation have attempted to account for some of the structural subtleties from the combustion type and fuel source behind the wide variability in solid carbon reactivity [34] . When including the heterogeneous nature of reaction that depends on the instantaneous surface area available, a single activation energy of 113 ± 6 kJ/mol was found and it was shown that the consumption of the particulate by O 2 combustion proceeds via Zone II burning mode, with external and internal pore diffusion oxidation [7] .
In diesel exhaust, NO 2 is also present and has been shown to have a favorable impact on DPF regeneration, often referred to as passive oxidation. NO 2 has been shown to oxidize particulates at lower temperatures than O 2 [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . The reported magnitude of the soot oxidation rates for NO 2 is greater than for O 2 , indicating that NO 2 is a stronger oxidant for promoting low temperature oxidation in the range of 200-500°C. Typically, NO 2 is 5-15 % of the total NO x in the raw engine exhaust, or approximately 50 ppm. However, the diesel oxidation catalyst (DOC) containing Pt and Pd, oxidizes NO to NO 2 increasing the mixture ratio significantly. Most of the previous research studied soot oxidation with model soots such as Printex-U or via methods such as thermo-gravimetric analysis (TGA). However these methods are subject to differences between the model soot (Printex-U) and diesel particulate and mass and heat transfer effects found in a TGA that make quantification of the kinetics difficult. In addition, these studies often did not include information regarding the burning mode or surface evolution of the particulate during the oxidation process.
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comparison to oxidation by oxygen. In this work, the kinetics of soot oxidation using NO 2 as the primary oxidant are investigated using a plug flow reactor, with reacting gases flowing through the sample rather than over it, to minimize mass transfer limitations. The samples are mixed with 600 lm diameter Y-ZrO 2 beads for thermal stability and to minimize the heat transfer effects. The instantaneous surface area is measured together with the extent of oxidation; also the nanostructure of the particulates are evaluated by HR-TEM in order to visualize changes in nanostructure as oxidation in NO 2 proceeds.
2 Experimental Methods
Particulate Sample Generation and Collection
The biodiesel fuel used in our experiments was Soy Gold TM soy methyl ester, purchased from Ag Processing Inc. (Omaha, NE). The conventional diesel fuel was 2007 certification ultra-low sulfur diesel (ULSD) purchased from Chevron Phillips Specialty Chemical Company (The Woodlands, TX). Basic fuel properties for each of the above are given in [7] . The fuel blends investigated include 100 % conventional diesel (designated as ULSD), a blend of 20 % by volume biofuel in conventional diesel (B20) and pure biodiesel (B100). These fuels were used with steady-state points on two engines, a 1.7 L Mercedes Benz engine described in detail in [47] and a 8.9 L Cummins ISL described in [48] . In each case, the injection pulse width and timing were adjusted for each fuel to maintain the specified speed-load point with virtually identical heat release profiles. The engines were not optimized for the fuels, but rather a change-fuel-in-tank experiment was done, to keep the particulate formation conditions as close to equal as possible. A 15 9 15 cm 2 uncatalyzed cordierite DPF (NGK, Novi, MI) was used to collect particulates directly from the engine exhaust. Samples were accumulated in the DPF over steady engine operating conditions for a period of 6 h for each fuel on the Mercedes engine and 4 h on the Cummins engine, reflecting the time that might be typical prior to an active DPF regeneration in a vehicle, or to approximately 3 g/L. At the end of the period, the DPF was removed from the exhaust system and the particulate samples were recovered by back-flushing with pressurized, filtered building air into a sample container. Particulate samples were then blanketed with argon gas and stored in a cool, dry, dark location.
Sample Preparation
For each experiment a clean (washed with Alconox and water, rinsed with acetone and dried in a 150°C furnace) quartz u-tube reactor cell was used. Approximately 0.1 g quartz wool rolled into cylinder and pressed into the u-tube to form a bottom plug. A particulate sample of 10-15 mg was loaded into the reactor on top of the quartz plug, forming the particulate bed. For thermal stability, approximately 1 g of 600 lm diameter yttrium-stabilized ZrO 2 beads were added to the particulate bed. Another *0.1 g quartz plug was lightly placed on top to prevent the sample from migrating. The total depth of the particulate plus Y-ZrO 2 bed was approximately 10-12 mm.
MicroReactor
The oxidation reactivity of the particulate samples were measured in a fixed-bed flow-through microreactor illustrated in Fig. 1 . The two-stage system consists of identical 8 mm diameter quartz u-tube reactor cells that accommodate thermocouples, which are inserted into the powder beds. The samples are heated by low mass, high temperature vacuum-formed cylindrical ceramic radiant furnace heaters, around the reactor cells. The furnaces are rated to 1000°C and controlled using an external thermocouple, in contact with the reactor cell and a PID controller. To be clear, the temperatures reported and referenced here refer to the internal bed temperatures and not the furnace control thermocouple. The particulate samples were loaded in the first reactor cell and the second reactor cell contained a Pt/ Al 2 O 3 oxidation catalyst. The secondary reactor was introduced to completely convert partial oxidation products such as CO to CO 2 to improve detection by mass spectrometry. Inlet gases were metered by digital mass flow controllers (MKS Instruments, Inc. Andover, MA) from compressed gas bottles equipped with O 2 , CO 2 and H 2 O traps to remove trace contaminants that can be found in ultra-high purity gas bottles, and mixed in the inlet manifold. There are two inlet manifolds, with a fast switching valve that allows for seamless switching between the available inlets; for example, between inert and oxidizing conditions. For all oxidizing experiments the total gas flow was set to 0.175 standard liters per minute and for all BET surface area experiments the total gas flow was set to 0.1 standard liters per minute. The CO 2 content of the exit gas was measured with a quadrupole mass spectrometer, which was regularly calibrated with 5, 2.5, 1 and 0.5 vol% CO 2 .
Oxidation
Oxidation in the microreactor was done in both a temperature programmed oxidation (TPO) mode from 50 to 650°C at 5°C/min and an isothermal pulsed oxidation (IPO) mode in a manner analogous to Yezerets [23] in order to measure isothermal oxidation rates at different, differential degrees of carbon burnout. The devolatilized samples were heated to each temperature of interest under inert gas, then the switching valve was used to cycle the inlet gas between the inert and oxidizing conditions of 1 % NO 2 in Ar. Only one NO 2 concentration (1 %, which is higher than the naturally occurring concentration in the exhaust, but perhaps relevant to what is formed over the DOC) was used in these experiments. To maintain differential and isothermal conditions in any one pulse, the oxidizing pulse durations were kept to between 2 and 30 s depending on the temperature. The inert period between oxidizing pulses was 5 min. Evolution of CO 2 was measured by the mass spectrometer and the reaction rate was found directly from the rate of CO 2 production in each oxidizing pulse.
BET Specific Surface Area
BET Specific surface area of the particulate was measure in situ at different extents of reaction during burnout with a continuous flow process. During this process, gas was only directed through one reactor cell containing the sample. Seven concentrations of argon in helium (7.5, 6.5, 5.5, 4.5, 3.5, 2.5, 1.5 %) were used to stay within the 0.05 \ (P/ P o ) \ 0.35 pressure range [49] . The argon concentration in the effluent gas was monitored by the mass spectrometer. The sample, held in the u-tube reactor cell was subjected to the experimental flow, then immersed in liquid nitrogen (LN 2 ) until the adsorption reaches equilibrium, after approximately 5 min. Then, the LN 2 was removed and the u-tube immersed in a beaker of water at room temperature and the desorption is allowed to reach equilibrium in approximately 3 min. The specific surface area was then calculated using the BET methodology.
High-Resolution Transmission Electron Microscopy (HR-TEM)
HR-TEM images were taken using a Philips CM200 with a Gatan image filter for digital imaging with live Fourier transforms with a 0.14 nm nominal resolution using a LaB6 filament. The instrument was operated at 200 keV. Samples for imaging were created by dispersing a small amount of the DPF-collected particulate samples onto a transmission electron microscope (TEM) grid. Images were obtained from at least three locations on the grid. A minimum of five aggregates were surveyed to establish the consistency of the observations.
Results and Discussion
Temperature Programmed Oxidation
Temperature programmed oxidation was used to investigate the oxidation of the samples and to find the temperature window of NO 2 activity for the IPO experiments. Both nascent and devolatilized samples were evaluated using 1 % NO 2 in argon and compared to oxidation in 10 % O 2 of the same light-duty (LD) ULSD sample. Figure 2a compares rates of oxidation in NO 2 (grey line) and oxidation in O 2 (dashed black line) for a LD-ULSD derived particulate sample. Each sample had similar size and recovery efficiency of the initial mass as CO 2 : 98 % for the oxidation in NO 2 and 97 % with O 2 . While the areas under the two curves are nearly identical, the distributions show that the TPO curve is shifted as the NO 2 oxidized sample is consumed starting and ending at much lower temperatures. The T10 temperature, where 10 % of the sample mass has been oxidized, occurred at 520 K (247°C) and the temperature at the maximum conversion rate was 716 K (443°C). The sample is fully consumed by 850 K (577°C), near the T20 temperature of the O 2 oxidized sample. In comparison the T10 temperature of the O 2 oxidized sample is 735 K (462°C) and the temperature at the maximum conversion rate is 883 K (610°C). Figure 2b shows that oxidation in NO 2 shows the same characteristics for LD-ULSD (thick grey line), LD-B20 (thin black line) and LD-B100 (dashed black line), unlike the strong dependence on fuel that was shown previously for oxidation in O 2 [7] . The major differences shown in the plots for the three soots was the low temperature shoulder occurring over the range of 485-550 K (212-277°C). This can be attributed to the increasing volatile content of the samples from 6 wt% for the LD-ULSD to 8 wt% for the Top Catal (2016) 59:686-694 689
LD-B20 to 15 wt% for the LD-B100, reported previously [16] .
Isothermal Pulsed Differential Oxidation
Isothermal pulsed differential oxidation was used to determine the activation energy for oxidation in 1 % NO 2 .
For these experiments, the particulate samples used were from the Cummins medium-duty (MD) engine using ULSD fuel only, since there was no fuel dependence seen in the TPO experiments. The particulate samples were first devolatilized under argon in ceramic crucibles in a tube furnace ramped from 50 to 650°C over a period of 2 h with a 30 min hold at 650°C. Figure 3 shows the reaction rate for the oxidation of the MD-ULSD in 1 % NO 2 . The activation energy can be determined from the plot to be 58 ± 7 kJ/mol [7] . This is in agreement with the value reported by Tighe et al. [45] . Previously, the authors of the current work showed that the rates of oxidation by O 2 of particulate samples from various fuel sources and engines could be reduced to a single parameter set by normalizing the instantaneous rate to the instantaneous surface area available for oxidation.
The BET Specific Surface Area
The BET Specific Surface Area was measured for the devolatilized particulates at different extents of oxidation. Figure 4a shows the specific surface area for MD-ULSD soot at different extents of oxidation in O 2 (black squares) and in NO 2 oxidation (grey triangles). The shrinking core model prediction of the surface area is shown (black line) for comparison. The graphic in the lower right hand corner depicts the shrinking core model, i.e. a sphere that shrinks homogeneously as a result of external-only surface reaction. It is clear that the oxidation in O 2 does not follow the shrinking core prediction, but the oxidation in NO 2 does. Figure 4b shows the plot of mass of carbon remaining with experiment time for the oxidation in NO 2 and the shrinking core model prediction. The agreement confirms that the oxidation in NO 2 proceeds by Zone I burning, entirely on the exterior surface of the particles. Zone I burning occurs when reaction kinetics control the rate of oxidation. Using reaction rates measured under these conditions it is possible to determine the intrinsic activation energy, which still includes adsorption, desorption, and multiple elementary steps. 
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Fig . 3 Logarithmic plot of reaction rate for oxidation of MD-ULSD particulates in 1 % NO 2 which relates to an activation energy of 58 ± 7 kJ/mol Figure 5 presents the rates of oxidation per unit surface area. It shows that normalizing reaction rates to unit surface area does not collapse the measured oxidation kinetics to the same activation energy for oxidation in NO 2 , unlike the oxidation in O 2 , which had a strong dependence on the total available surface area for reaction.
Representative HR-TEM
Images are shown in Fig. 6 , which compares (a) nascent, un-oxidized MD-ULSD particulate, (b) 50 % oxidized MD-ULSD oxidized in O 2 and (c) 50 % oxidized MD-ULSD oxidized in NO 2 . The arrows in (b) point to the formation of 'divots', indicating preferential oxidation by O 2 is opening up pores and therefore surface area in the particle. In (c) we do not see divots and in fact, with magnification, we see a difference in only the outermost layer of the particle. This 'crumb' layer reflects that NO 2 reacts upon contact with the external surface of the particulates, immediately and indiscriminately. Quantification of the HRTEM images was conducted by two separate analysis algorithms. When describing such HRTEM images, lamellae are the physical segments made of carbon. Due to the appearance of the individual planes of atomic layers, which appear as fringes within the image, the processed skeletal structures are referred to as fringes. The parameters extracted from the quantification analysis are the fringe length, the linear distance of the atomic layer planes, the fringe separation, the mean distance between adjacent planes, and the tortuosity or fringe curvature.
Fringe length and separation are calculated by the first routine, while tortuosity is calculated by the second. In order to avoid artifacts, skeletal images are redrawn for calculations as represented in the schematic of the fringe quantification. The length of a lamella is used to reflect the different ratio of edge to basal plane sites; the shorter the lamella, the more edge sites are accessible and the more reactive a sample is likely to be. Tortuosity is the ratio of the curvature to the straight-line distance and would be unity for a straight line. Figure 7a is a difference plot of the fringe length difference from the O 2 -oxidized MD-ULSD sample fringes minus the NO 2 -oxidized MD-ULSD sample fringes. A significant observation is that there are more short fringes in the sample oxidized in NO 2 . The shorter lamella remaining indicates that this sample has more edge site carbons still available for oxidation. In Fig. 7b , the difference plot for the tortuosity shows that the NO 2 oxidized sample has fewer straight fringes, and more highly curved ones, i.e. a larger fraction of curved fringes. Curvature imposes geometric strain on the C-C bond, making a curved fringe more prone to reaction. Both these observations of lamellae differences are consistent with the greater reactivity of NO 2 than O 2 . They, along with the HRTEM images, shown in Fig. 6 are consistent with the idea that NO 2 reacts quickly upon contact with a particle and breaks up its outer surface. This creates a higher population of short lamellae, relative to oxidation in O 2 , as represented in the Fig. 7a plot. Oxidation in NO 2 is sufficiently reactive to be confined to the particle's exterior and reactivity differences imposed by bond strain-associated with curved lamella-are largely irrelevant. Curved (strained) lamellae do not impose preferential reactivity. Conversely, a lower reactivity with O 2 does make a difference, and hence O 2 , unlike NO 2 , preferentially attacks 
Conclusions
The oxidation of diesel particulate in NO 2 is quite different from oxidation in O 2 . Oxidation in NO 2 has been shown to follow the shrinking core model prediction, where only the surface carbon is being oxidized. It is also evident that particulates oxidized by NO 2 follow a Zone I, surface only, burnout trajectory. Particulates oxidized by O 2 have been shown to be experiencing Zone II burning, which includes both burning on the exterior of the particle within its pores. This seems reasonable given that the total surface area for the PM samples exceeds that of surface-only burning. Zone I burning is kinetically controlled and therefore leads to high values of the activation energy, as measured here. The activation energy, specific surface area progression with extent oxidation, HR-TEM images and difference plots of fringe length and tortuosity paint a consistent picture of a lower reactivity for O 2 . In fact, O 2 preferentially attacks highly curved lamellae, which are more reactive due to bond strain, and short lamellae, which have a higher proportion of more reactive edge sites. By contrast NO 2 reacts indiscriminately, immediately upon contact with the surface, leading to the Zone I style burning causes the particulate to follow the shrinking core burnout. The difference plot of fringe length shows the sample oxidized in NO 2 to have a higher proportion of long lamellae (short ones have been consumed by O 2 ) and a smaller fraction of long lamellae, because NO 2 broke them up (by virtue of basal plane attack) reflecting the aggressive oxidation by NO 2 where differences in carbon site reactivity, edge versus basal are insignificant. By contrast, the difference plot in tortuosity shows a preferential population of straighter lamellae for particles oxidized in O 2 , as more curved lamellae (represented by higher tortuosity), are preferentially oxidized by O 2 given their greater bond strain. The lower reactivity of O 2 is sensitive to this difference. By contrast NO 2 is insensitive to this difference and hence this sample retains a larger proportion of highly curved lamellae, despite their greater propensity towards oxidation.
